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Supplementary Note 1. Arctic hydrographic conditions in HiLAT03

The simulated hydrographic conditions of the Arctic Ocean, namely the temperature and salinity structures, are
evaluated against the World Ocean Atlas 2013 version 2 (WOA13v2) observational data set1, 2. Here we define the
Arctic Ocean as the ocean area separated by Bering Strait from the Pacific Ocean and Fram Strait, Barents Sea
Opening, and Canadian Arctic Archipelago from the Atlantic Ocean (Supplementary Fig. 6). These results are also
compared with those of the simulation with a 1° configuration (HiLAT10) of the same model3 and same forcing
conditions. This 1° model is essentially the same as the NCAR ocean-sea-ice model that is used in the Ocean Model
Intercomparison Project phase 1 (OMIP1) studies4, 5 except for an updated version of the sea ice model.

Supplementary Fig. 7 shows the Arctic T-S diagram and upper-2000-m temperature and salinity profiles in both
simulations compared with the observation. HiLAT03 has a significant improvement of the Arctic thermohaline
structure as seen in the T-S diagram, mostly because of more realistic temperature distributions. To be specific,
HiLAT03 improves the subsurface (0–100 m) cold biases and especially the mid-to-deep (300–2000 m) warm biases
as seen in HiLAT10. The core depth of the Atlantic Water layer is about 600 m in both models, which is deeper
than the observed depth of 400 m. But HiLAT03 has an overall fresh bias from 100–2000 m, while the fresh bias
is only found in 100–600 m in HiLAT10. We attribute these differences in T-S distributions between HiLAT03
and HiLAT10 to the exclusion of eddy-induced heat and freshwater transport across the North Atlantic polar front
associated with the eddy parameterization, which significantly improves the temperature field but slightly biases the
salinity field on the downside6.

Due to the fresh biases discussed here, HiLAT03 has a higher liquid freshwater content (FWC) compared with
observations5, 7 (Supplementary Fig. 8a and c). The liquid FWC is defined as

FWC =
∫ Href

0

Sref −S(z)
Sref

dz, (1)

where the z axis is defined as positive down from the surface z = 0; Sref is the reference salinity; Href is the depth
where S = Sref; S(z) is the salinity of the water at depth z. 34.8 is usually used as the reference salinity for the Arctic
Ocean since it is the estimated mean Arctic salinity8. Due to the fact that the volume-mean salinity of the Arctic
Ocean in the model is 34.6 psu, it is reasonable to use 34.6 instead of 34.8 in the calculation. Moreover, the core of
the Atlantic Water layer should be excluded from the freshwater bowl (the ocean volume bounded by the surface and
the 34.8 isohaline), as indicated in the T-S diagram that the observed temperature maximum falls on the right side of
the 34.8 salinity line (Supplementary Fig. 7d). Using 34.6 for the model will prevent the inclusion of a thick Atlantic
Water layer into the FWC calculation since the modeled maximum temperature falls on the left of the 34.8 salinity
line. Once 34.6 is used, the modeled FWC (Supplementary Fig. 8b) has a similar distribution and magnitude as
observed.

Supplementary Note 2. Different treatments of salinity and the salt tracer

We interpret the salt tracer (DBG, or rather, DBG/αBG) as a measure of Beaufort Gyre (BG) sourced salinity, but note
that the comparison with the active salinity tracer is necessarily inexact. Some discrepancies arise from algorithmic
choices like the non-linear advection scheme. But the most important discrepancies probably arise from the treatment
of the surface boundary conditions. Consistent with common practice9–11, the model treats freshwater fluxes as
virtual salt fluxes, with a fixed global reference salinity S0 of 34.8 psu. Similarly, the salinity field is forced with
unphysical terms like sea surface salinity restoring. It is not obvious how a regionally initialized ‘compound’ tracer
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like DBG (conceptually the product of a volume fraction and salinity) should be treated to be fully consistent with
this salinity treatment. In our approach, the passive tracers are not subjected to any freshwater exchange with the
atmosphere or sea ice. Since we expect this discrepancy to affect the surface layer mostly, we chose to focus on
upper-layer (200 m) salinity.
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Supplementary Table 1. Transport at four Arctic/Atlantic gateways compared with observations.
Comparisons between HiLAT03 and available observations in terms of volume flux (VF) and liquid freshwater flux
(FWF) estimated at selected Arctic/Atlantic gateways (see Methods). Periods used for calculation are consistent
with observational periods. Numbers shown for observations are means and uncertainties, while numbers shown for
the model are means and monthly standard deviations (std). Positive numbers indicate equatorward transports. FWF
of the observations is relative to 34.8 psu, except that Tsubouchi et al. (2018)12 use a time-variant reference salinity
of 34.67 ± 0.02 (annual mean ± 1 std). To be consistent with the rest of the paper, we calculate the model FWF
relative to 34.6 psu. Note that Jones Sound is not resolved in HiLAT03, so its transport can be considered as part of
the Lancaster Sound transport in the model.

Observation HiLAT03

Period Study VF (Sv) FWF (mSv) VF (Sv) FWF (mSv)

Nares Strait
Aug03–Jul06 Münchow et al. (2016)13 0.71 ± 0.09 32 ± 5.7 0.69 ± 0.23 21.9 ± 6.3
Aug07–Jul09 Münchow et al. (2016)13 1.03 ± 0.11 54 ± 9.3 0.75 ± 0.20 25.5 ± 5.5

Lancaster Sound 1998–2006 Peterson et al. (2012)14 0.53 ± 0.13 32 ± 6 1.05 ± 0.30 77.1 ± 16.7
Jones Sound 1998–2002 Melling et al. (2008)15 0.3 ± 0.1 12 ± 4 - -

Davis Strait
Sep05–Aug06 Tsubouchi et al. (2018)12 2.1 ± 0.7 109 ± 13 1.79 ± 0.47 104.9 ± 23.8
Oct04–Sep09 Curry et al. (2014)16 1.6 ± 0.5 93 ± 6 1.72 ± 0.49 88.0 ± 24.6

Fram Strait
Sep05–Aug06 Tsubouchi et al. (2018)12 1.1 ± 1.2 79 ± 22 1.97 ± 1.80 67.0 ± 16.2
1999–2010* Marnela et al. (2016)17 0.8 ± 1.5 66 ± 9 1.68 ± 0.56 52.5 ± 10.3

* Observation covers 8 years during this period: 1999–2002, 2004–05, 2008, 2010, with annual std. HiLAT03 shows 1999–2009
with annual std.
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Supplementary Table 2. Liquid freshwater transport (FWT) for the fast release and accumulation
episodes at each gateway. Total and Beaufort Gyre (BG) sourced liquid FWT (see Methods) estimated at four
Arctic/Atlantic gateways. Numbers listed in this table correspond to the bar plot of Fig. 3c. Climatology is
calculated for the entire forcing cycle, namely 1948–2009.

Total liquid FWT (mSv) BG-sourced FWT (mSv) BG ratio (%)

Climatology FastRel FastAcc Diff FastRel FastAcc Diff FastRel FastAcc Diff

Nares Strait 27.8 32.3 24.9 7.4 19.1 10.3 8.9 61.7 41.3 20.4
Lancaster Sound 74.7 84.8 69.1 15.6 58.0 37.7 20.4 69.5 54.9 14.5
Davis Strait 96.9 111.9 89.0 22.8 70.2 45.2 25.0 63.3 52.5 10.9
Fram Strait 67.7 83.5 62.8 20.6 30.3 19.3 10.9 38.2 31.8 6.5

Atl/Pac Front

Atl/Pac Front

a b

Supplementary Figure 1. Positions of the Atlantic/Pacific front in different scenarios. Arctic salinity for
the last three years of a FastRel (1993–95) and b FastAcc (2006–08) averaged over the upper 100 m depths. The
band between 31.5 and 32.0 psu are highlighted. The red dashes illustrate the position of the Atlantic/Pacific front in
each scenario as implied from the salinity distributions, since the Pacific water is in general fresher than the Atlantic
water.
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a b c

Supplementary Figure 2. Beaufort Gyre (BG) sourced water at Fram Strait. Vertical distribution of the dye
tracer, as an indication of BG-water volume fraction, at Fram Strait averaged over the last 3 years of the a FastRel
episode, b FastAcc episode, and c the difference between them. Although the overall BG volume transport is higher
in FastRel, the BG-sourced water is in deeper depths, leaving the shallow coastal areas less impacted by BG water
compared with the FastAcc case.

a b

Supplementary Figure 3. Understanding the downstream impact. Similar as Fig. 4c, but for differences of a
salinity (∆S) and b diagnosed impact from non-Beaufort Gyre (BG) sources (∆SnBG). See Methods for the definition
of SnBG. The difference between a and b gives the estimated impact from BG-sourced water as shown in Fig. 4c,
that is, ∆δSBG = ∆S−∆SnBG. The upper ocean salinity during 1993–95 is generally fresher than during 2006–08,
especially over coastal areas. The freshening at Nares Strait and the northern East Greenland Current is
predominantly caused by fresher Pacific waters (not from the BG).
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Supplementary Figure 4. Vertically integrated dye tracer concentration over the upper 200 m. Same as
Fig. 2a and b, but for the upper 200 m only. Low dye concentration is found in the Labrador Sea interior, which is
different from Fig. 2, indicating dye tracer is mostly transported to depths deeper than 200 m.

Supplementary Figure 5. Temporal evolution of standardized salinity anomalies at the exit of the
Labrador Sea compared with EN4. Salinity is averaged over 49–54°N, 50–56°W (indicated by the green box in
Fig. 1a) for the upper 200 m in both model and EN4. This location is chosen because of a better observational
coverage in EN4 before 2000s than in the rest of the western Labrador Sea. Model (green) and EN4 (black) monthly
data are first standardized and then smoothed with a 13-point unweighted running average window. EN4 version
4.2.1 is an objectively analysed subsurface temperature and salinity data set
(https://www.metoffice.gov.uk/hadobs/en4/).
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Supplementary Figure 6. Map showing the Arctic Ocean region and the Beaufort Gyre region. The Arctic
Ocean region is shown by the green area (including the orange area). The way that the BG region is defined in this
study (black zigzag box) is to maximize its overlap with the traditional definition18 (70.5°N to 80.5°N and 130°W to
170°W with water depth greater than 300 m; orange area) while keeping the boundaries aligned with the model grid
(dashed lines in increments of 20 grid spacings in both directions).

8/11



HiLAT10 HiLAT10 HiLAT10

HiLAT03 HiLAT03 HiLAT03

a b c

d e f

Supplementary Figure 7. Improved Arctic temperature and salinity fields in HiLAT03 compared with
the 1°-resolution version of the model HiLAT10. The Arctic a T-S diagram, b temperature profile, and c salinity
profile of different decades in HiLAT10, which is a low-resolution configuration of the model used in this study.
Black curves are the WOA13v2 1955–2012 climatology1, 2. d–f Same as a–c but for the HiLAT03 configuration,
which is used in the current study. Red and blue dashed lines in d indicates salinities of 34.8 psu (traditional Arctic
reference salinity) and 34.6 psu (reference salinity used in this study), respectively.
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Supplementary Figure 8. Arctic freshwater content. Model simulated liquid freshwater content of the
1993–2002 period relative to a 34.8 psu and b 34.6 psu are compared with c the observational data set5, 7 relative to
34.8 psu. The vertical integration is taken from surface to the depth where salinity is equal to the reference salinity.
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